time (RTT) measurements between the device to be located Abstract-Nowadays, several systems are available for (in this case a laptop PC with a WLAN card) and WLAN outdoor localization, such as GPS, assisted GPS and other access points (APs). An important characteristic of this system systems working on cellular networks. However, there is no is its simplicity [1], as our intention was to use an existing proper location system for indoor scenarios. Research into WLAN infrastructure with minor changes to provide an designing location systems for 802.11 networks is being carried . out, so locating mobile devices on global networks (GSM/cellular accurate estimation of the position of the mobile device. The + GPS + WLAN) finally seems feasible. The technique presented system is divided into two subsystems: the ranging subsystem in this paper uses existing wireless LAN infrastructure with and the positioning subsystem. The former estimates the minor changes to provide an accurate estimation of the location distances between the mobile device and the APs, and the of mobile devices in indoor environments. This technique is based latter calculates the device's position using the distances on round-trip time (RTT) measurements, which are used to estimate distances between the device to be located and WLAN alreay.estiated.ad.the.Ps'.knwn.postions access points. Each RTT measurement estimates the time elapsed between the RTS (Request-to-Send) and the CTS (Clear-to-Send) II TOA_estimtionswhichare n tumbasedonrond-tipin 44 Mhz periods, to the laptop PC, which is continuously (TOA) estimations which are in turn based on round-trip snigpnst h P n trn h T aus sending pings to the APs and storing the RTT values.
between the RTS (Request-to-Send) and the CTS (Clear-to-Send) II. IRANGING SYSTEM frame of the 802.11 standard. By applying trilateration algorithms, an accurate estimation of the mobile position is A. RTT Estimation calculated.
Round-trip time is the time a signal takes to travel from a transmitter to a receiver and back again, in this case from a Index Terms-positioning, ranging, round-trip time, RTS-moiedvc oafxdA ihakonpsto. The.RTT CTS mechanism, time of arrival, triangulation, WLAN. estimation is taken between two consecutive frames under the 802.11 standard: a frame sent by the transmitter and an I. INTRODUCTION answering frame from the receiver. The RTS (Request-toSome of the most important new and upcoming mobile Send) and CTS (Clear-to-Send) [3] frames of the 802.11 standard are used. Therefore, the RTT can be measured from services are location-based services and applications which s aos on their the last segment of the RTS frame sent to the first segment of allow mobile users to access services based the CT rmercied sshw nFiue1 geographic position. These services and applications include . C As the overall (i.e. propagation plus processing) RTT is emergency rescue, resource tracking and management, tourist exetdobeithorrofmcscns,tisotpsbl information loainsniieblig'onso neet expected to be in the order of microseconds, it is not possible information, location-sensitive billing, points of interest, to esimt it wit sotae'hrfr,h T smaue games, and so on. Systems specifically oriented toward ' positioning and navigation (i.e. GPS) and systems which by a hardware subsystem based on the FAST [4] The two methods were evaluated by taking several sets of However, in accordance with the special characteristics of RTT measurements, in order to finally select one of them for the indoor radio channel, special algorithms should be used to the RTT estimation in the ranging system. The results show diminish the multipath and LOS/NLOS (Line-of-Sight/Non-that, using the propagation-based method and the average RTT Line-of-Sight) problems which lead to higher propagation values, the measurement errors varied from an average of 2.82 time measurements. We propose two methods: the first is m when empirical coefficients were not used to 0.64 m when based on the delay propagation characteristics of the signals, they were. Moreover, the empirical table method can achieve and the second, more empirical method is based on tables an accuracy of less than 2 m in 56.66% of cases. Therefore, made using a set of measurements taken. Both methods were the accuracy provided by the propagation-based method is tested in real working environments.
greater. Furthermore, this method responds better when the 1) Propagation-Based Method working conditions vary, as a small change in the empirical coefficient may suffice in adapting to new conditions, but in In this method, the distance is calculated using the average the tables method the entire table must be rearranged. RTT value (, measured in number of clock cycles) obtained from all the measurements, as this value provides the best Experimental TestBed distance estimation out of all the possible alternatives. Other
The experimental test bed consists of several distance alternatives, such as using the half range RTT value, the RTT estimations taken with the ranging system in the research mode, the average of n minimum RTT values and 77-n times laboratory and its surroundings, under different conditions and the standard deviation as an estimator were also tested but are with varying numbers of people in the laboratory or in other not reported in this paper (see [7] for details). With this rooms, at different times of the day, at various temperatures, estimator, taking into account the fact that a 44 MVlhz clock was and under different weather conditions. Therefore, all the used and that RTT is the return time, Equation (2) 1) Measurements and Performance During the development process, it was observed that all the distances estimated were greater than the real distance;
Two sets of measurements were taken. In the first set, the therefore, the estimated distance had to be divided by an accuracy of the ranging system was studied by performing empirical coefficient to correct the estimated value. The severalrange estimations at different distances. Table 1 shows empirical coefficient is justified by the special characteristics the absolute and relative errors obtained for every distance. In of the multipath [8] indoor radio propagation channel, which the second set of measurements, the general probability can increase the theoretical RTT expected. Only one distribution of the distances estimated by the ranging system coefficient was used regardless of whether the system was was obtained (Thue t of this probability distribution by the working in an LOS or NLOS situation. In theory, NLOS cases positioning module to simulate the position estimation results need a higher coefficient than LOS cases due to the increase in will be discussed later on in this paper, in Section 111.C.) The the delay spread, but real measurements have shown us that second set of measurements consists of 450 distance there is noreal need for two empirical coefficients.
estimations (450*300 RTT measurements), measured at a The empirical value used was k =1.32, the average value of constant distance of 10 m, after the initial calibration at 0 m. the excess errors obtained. Taking into account this empirical
The 450 distance estimations were fed into Matlab®t, each of which was assigned to the number of times it occurred. This was to create a probability distribution of the distance (7) once the distance estimations from a set of access points are This linear system can be simplified into a matrix form:
known. This can be done with triangulation algorithms and the distance measurements of at least three access points at a
known location (Figure 4 errors is a fairly common problem in applied mathematics for ix -x; + x; -x; J + (y -+ -) = * (5) which various algorithms are available. The Newton iteration was selected to find the 'optimal' solution P(x, y). Introducing with (i =1,2,...j-1 j±,. ..n). Expanding and regrouping the f g and the Jacobian matrix J, and applying the Newton terms and selecting the first constraint ( = 1) leads to a linear iteration, gives system of (n-i) equations with two unknowns:
where Rk denotes the kth approximate solution. The subscript ( x0 -xi y0 -Y1 Zo -z1 1 l k in J and f means that these quantities are evaluated at Rk. In order to evaluate the accuracy of the two triangulation kl=l i (fi+~) )algorithms, they were implemented using Matlab. Several Using these matrices and equations, the algorithm performs simulations were performed, each carried out as follows: iterations until the difference from the previous iteration and * The positions of the three access points were introduced, the next one is smaller than 6, which is a completely as well as the position of the mobile device which was modifiable threshold.
going to be estimated. * The simulation program calculated the exact distances 3) Independent Time GPS Least Squares from each AP to the mobile device. This is the basic algorithm that forms the mathematical . These distances were modified using the resulting basis of a GPS [10] system. It is used to solve the navigation probability distribution of the distance estimated, i.e. the equations before introducing the Kalman filter concept. exact distance from the mobile device to AP A was 10 m. "Independent time" stands for the independency between the Instead of using these 10 m distances, the simulation used next position and the positions calculated at previous times, I while the Kalman filter would include preceding position measurements of the ranging system for 10 m, as information in the calculation of the present position. This presented in Section II.D.1. This probability distribution algorithm only takes into account the estimated distances was divided into slots of 10 cm. Therefore, there was a between the device to be located and the APs and the positions probability associated with each possible distance the of these APs. ranging system could measure. This is shown in Figure 5 , The algorithm needs an initial, approximate position of the in which there are three access points placed at 4, 12, and device to be located. The observable for each AP is the prefit 17 m respectively, but these distances were replaced by residual, which is the difference between the measured and the their corresponding Gaussian bells. The same probability modeled estimation of the distance. In our case, the modeled distribution was used for all distances because previous distance corresponds to the distance between the access point results show that there are no major variations when and the initial estimated position. The solution to these different distances are involved. equations (navigation equations in terms of GPS) is the correction that must be applied to the initial position: * The simulation found the estimated position of the mobile device using the aforementioned algorithms for each of the P + c dt, -6 J -x1 + 2 + Z j2 2+ c. dt.
possible distances estimated at each of the three access XV cdtj Ji (X-xi) +(y-yj) +( -X) +c dt points. This means that each AP probability distribution (15) was used at all possible points and that they were combined with the remaining APs to find all the possible where 'j'1.-...n (n.4). Every equationislinearizedusingthe position estimations and the probability associated with
Taylor approximation around the initial position, in order to each of them. Once these estimations were known, they apply the least squares method to solve the equation system. p to Applying this method yields~~~f ind the error. This process was carried out using loops which combined every slot at each access point with all the possible slots in the rest of the access points, as shown in Figure 6 . 
